Nucleate-boiling type evaporation of binary-liquid drops on heated surfaces by Yang, Wen-Jei
~ IN HFAT AI~ MASS ~ 
Vol. 3, pp. 467 - 474, 1976 
Pergamon Press 
Printed in the United States 
NUCLEATE-BOILING TYPE EVAPORATION OF BINARY-LIQUID 
DROPS ON HEAT~ SURFACES 
Wen-Jei Yang 
Department of Mechanical Engineering 
University of Michigan 
Ann Arbor, Michigan 48109 
(C~t,,~nicated by J.P. Hartnett and W.J. Mink~z) 
ABSTRACT 
A binary-liquid drop evaporates on a heated surface in the nucleate- 
boiling type vaporization regime taking into account the effect of 
drop geometry. A maximal slowing down of drop evaporation is dis- 
closed together with the occurence of a minimum surface-drop heat 
flux at different concentrations of the more volatile component. 
These phenomena are observed both theoretically and experimentally. 
Since the nucleate-boiling vaporization regime gives a minimmdrop 
l i f e t i m e  r e s u l t i n g  in  qu icker  v a p o r i z a t i o n  ( i . e .  the  b e s t  ope ra t ing  
c o n d i t i o n )  and the  r a t e  of  vapor  format ion  t o g e t h e r  wi th  a i r  motion 
c o n t r o l s  the  combustion r a t e ,  the  d i s c l o s u r e  may be of  some use  in 
a p p l i c a t i o n  to  the  r e g u l a t i o n  o f  the  combustion r a t e  in  compress ion-  
i g n i t i o n  engines  and o i l - f i r e d a p p l i a n c e s .  
I n t r o d u c t i o n  
The boiling paradox, in binary liquid mixtures has attracted considerable 
attention during the last decade. It refers to the curious coincidence of a 
maximal slowing down of bubble growth rate and departure size, the minimum 
heat transfer and the occurrence of a maximum critical (i.e. peak) heat flux 
at the same low concentration of the more volatile component in a binary sys- 
tem. Contributions to the understanding of this peculiar phenomenon by van 
Stralen [for example, i, 2], Scriven [5] and Westwater [4] are noteworthy. 
The slowing down of bubble growth is due to the influence of mass diffusion 
of the more volatile component towards the bubble boundary, causing an in- 
crease in dew point of the vapor. This limits the analogous heat diffusion, 
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o r i g i n a l l y  c o n t r o l l e d  by the  l i q u i d  s u p e r h e a t i n g .  In h i s  r e l a x a t i o n  mic ro -  
l a y e r  t h e o r y ,  van S t r a l e n  [2] e x p l a i n s  n u c l e a t e  b o i l i n g  as  a r e l a x a t i o n  phen-  
omenon o f  the  s u p e r h e a t e d  thermal  boundary l a y e r ,  which i s  p e r i o d i c a l l y  pushed 
away from the  wal l  due to  the  r a p i d  growth of  succeed ing  bubb les  on n u c l e i  - -  
the  a c t i o n  of  t he  vapor  bubb les  r e s u l t i n g  in  an augmenta t ion  of  c o n v e c t i v e  
hea t  t r a n s f e r .  
R e c e n t l y ,  T e s h i r o g i  [5] has conducted an e x p e r i m e n t a l  s tudy  on the  l i f e -  
t ime of  b i n a r y  l i q u i d  drops  on hea ted  s u r f a c e s .  Theory has been deve loped  
in r e f e r e n c e s  6 and 7 to  d e s c r i b e  the  dynamics of  e v a p o r a t i o n  and combust ion 
o f  l i q u i d  drops  on hea t ed  s u r f a c e s  f o r  f o u r  d i f f e r e n t  r eg imes  c l a s s i f i e d  a c -  
co rd ing  to  t he  modes of  h e a t  t r a n s f e r  a t  the  d r o p - s u r f a c e  i n t e r f a c e .  The- 
o r e t i c a l  p r e d i c t i o n  a g r e e s  wel l  wi th  t e s t  d a t a .  The s tudy  has concluded t h a t  
the  e q u a t i o n s  d e s c r i b i n g  h e a t  t r a n s f e r  pe r fo rmance  of  c o n v e c t i o n ,  n u c l e a t e  
boiling and film boiling are also valid for the vaporization of a single drop 
on a heated surface. 
The present paper deals with the nucleate-boiling type vaporization of 
a binary-liquid drop on a heated surface. Theory is compared with the test 
data obtained by Teshirogi [5]. 
Variations of both the nucleate boiling heat flux density and the drop 
evaporation rate with composition in a binary liquid drop are also investi- 
gated. 
Theory 
Consider a minute drop of binary liquid mixture of radius R o is placed 
on a heated surface at temperature Tw, higher than the boiling point of the 
b i n a r y  sys tem Tb. The t e m p e r a t u r e  d i f f e r e n c e  A T  = Tw - T b i s  r e s t r i c t e d  to  
w i t h i n  the  range  of  n u c l e a t e  b o i l i n g .  Under t h i s  thermal  c o n d i t i o n ,  a minute  
drop i s  Observed to  t a k e  the  form of  l ens  shape on the  h e a t i n g  s u r f a c e  [5] .  
In view o f  h igh  the rma l  and mass d i f f u s i v i t i e s  o f  l i q u i d  as compared wi th  
those  in  the  vapor  phase  and r e l a t i v e l y  slow movement o f  drop s u r f a c e  dur ing  
phase  change,  bo th  h e a t  and mass t r a n s f e r  a r e  t r e a t e d  as  s t e a d y  phenomena. 
At any t ime i n s t a n t  t ,  the  drop o f  i n s t a n t a n e o u s  r a d i u s  R has un i fo rm t empera -  
t u r e  and c o n c e n t r a t i o n  Tb and x, r e s p e c t i v e l y .  The ambient  has the  t empera -  
t u r e  and c o n c e n t r a t i o n  (vapor)  m a i n t a i n e d  a t  T a and 0, r e s p e c t i v e l y .  Due to  
low the rmal  c o n d u c t i v i t y  of  gas phase ,  the  hea t  t r a n s f e r  by c o n v e c t i o n  and 
r a d i a t i o n  between the  gas ambient  and the  drop i s  n e g l i g i b l e  compared wi th  
bo th  the  h e a t  t r a n s m i t t e d  from the  h e a t i n g  s u r f a c e  to  the  drop in the  mode of  
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nucleate boiling and the latent heat of drop vaporization. Hence, the first 
law of thermodynamics as applied to the drop yields 
" dV 
qbAb = -~\ ~ (I) 
where q~ is the nucleate boiling heat flux; Ab, the drop-wall contact area; 
~, the liquid density; /~, the latent heat of vaporization; and V, the drop 
volume. The idealized model for a lens-shaped drop consists of a spherical 
segment of height S and radius of sphere R, as shown in Fig. 1. The area of 
the curved surface of the segment is 27TRS, while the volume is V = 7/ $2(5R-S)/5 
The liquid-solid contact area is Ab = g R2sin 2 9, where ~ is the contact angle 
between the drop and the heating surface. One can write 
S = R(I + cos~) and V = ~7[ R3/3 (2) 
where 
'7 = (1 + cos ~)2(2-cos ~) (5) 
Of several equations available to predict nucleate boiling performance, 
the Rohsenow correlation is selected for its popularity: 
,, .Cozl V 3 i gCP-Yv) 
where Cp, Pr and ~ l a r e  r e s p e c t i v e l y  the  s p e c i f i c  hea t ,  Prandt l  
number and a b s o l u t e  v i s c o s i t y  of  the  drop; ~ v '  d e n s i t y  of  the  s a t u r a t e d  
vapor;  g, g r a v i t a t i o n a l  a c c e l e r a t i o n ;  gc '  convers ion  f a c t o r ;  ~ ,  s u r f a c e  t en -  
s ion of  l i q u i d - t o - v a p o r  i n t e r f a c e ;  Of, 1.0 f o r  water  and 1.7 fo r  a l l  o the r  
l i q u i d s  or  mix tures ;  and ~ ,  empi r ica l  cons tan t  which depends on the  na tu re  
of  the  hea t ing  s u r f a c e - l i q u i d  combinat ion.  
The q u a n t i t y  [gcC~/g( p - ~ v ) ]  1/2 i s  cons idered  a c h a r a c t e r i s t i c  length  
in b o i l i n g  hea t  t r a n s f e r  performance,  being i n t e r p r e t e d  as the  depa r tu r e  
bubble  d iameter  or  the  d i s t a n c e  between n u c l e a t i o n  s i t e s .  For a l i q u i d  drop 
in thermal equ i l i b r ium with the  surrounding gas ambient,  a c e r t a i n  r a d i u s  R 
can be mainta ined:  with the  d i f f e r e n c e  in i n t e r r a c i a l  t en s ions  between the  
top and bottom ends o f  the  drop,  the  g r a v i t a t i o n a l  f o r c e  ac t i ng  on the  drop 
i s  ba lanced with the  f o r c e  caused by s u r f a c e  t ens ion .  I t  y i e l d s  
~' gc . 1 / 2  R 
[ 6 (y-yv)g j = ~ (5) 
R/5 corresponds to the characteristic length o£ a sphere. Equations (1) 
through (5) are combined. The resulting equation is then integrated subject 
to the initial condition 
R(O) = R o ( 6 )  
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Fig .  
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Model f o r  a l e n s - s h a p e d  drop on a h e a t e d  s u r f a c e .  
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Comparison of theory and test data for nucleate-boiling 
type vaporization of C8HI8(A), CI6H34(B) and mixture drops. 
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One gets 
R 2 _ R 2 = C2t 
o 
Wherein C 2 is the drop evaporation constant defined as 
C 2 = ~  in2 (~)CuAT 5 
(7) 
(8) 
The drop l i f e t i m e  T may be obta ined from equat ion  (7) as 
= R2/C2 (9) 
Equations (7), (8) and (9) apply to both single-component and binary-liquid 
drops. In the latter case, physical properties of the binary system must be 
employed in equation (8). Methods and equations are described in references 
8 and 9 for the prediction of physical properties for both pure liquids and 
binary liquid mixtures. For example, 
2 gnx 
. i i ClO) 
in which ~m and ~i are the viscosities of the mixture and its component i, 
respectively; and xi, mole fraction of the component i. The exponent n takes 
the value of 1/3 for liquid-mixture viscosity and unity for all other liquid- 
mixture properties,'which can be expressed in the form of equation (10). 
Results and Discussion 
Theoretical results are obtained for the drop evaporation constant C 2 
of equation (8) for isooctane (C8H18 , represented by the symbol A), cetane 
(C16H54, as B), C~-methylnapthalene (C11HIO , as C) and their mixtures. Phy- 
sical properties of pure liquids (except CIlHI0 by approximation) available 
in reference I0 were utilized together with the methods and equations for 
predicting physical properties of binary liquid mixtures. Theoretical re- 
sults are compared with Teshirogi's test data in Figs. 2 and 5. No quanti- 
tative information on ~ is presently available for those fluid-surface 
(aluminum surface was employed in reference 5 ) combinations. Therefore, the 
value of ~ for each pure liquid-surface combination was determined by equating 
one theoretical C 2 to the corresponding experimental C 2 of the same wall 
superheating AT at approximately midpoint in the nucleate-boiling type 
vaporization regime. The ~ values for the binary liquid mixtures were deter- 
mined on the mass-fractional average basis. Two most important variables 
affecting @ are known to be the surface roughness of the heater and the wet- 
tability of the surface with the fluid. Since the same aluminum surface was 
utilized for the vaporization experiments of pure- and binary-liquid drops 
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in  r e f e r e n c e  5, the  va lues  of  ~ thus  determined can be cons idered  very r e l i -  
able .  The c o n t a c t  angle ~ of  45 degrees  was employed fo r  a l l  the f l u i d s  and 
t h e i r  mixtures  in eva lua t ing  the t h e o r e t i c a l  va lues  of  C 2. 
Figure 2 i l l u s t r a t e s  the v a r i a t i o n  of  C 2 with the degree of  wall  super-  
hea t ing  /k T fo r  C8H18 (XB=0), C16H54 (XB=I.0) and t h e i r  mixtures  (XBffi0.155, 
0.557, 0.525).  The C2-~T r e l a t i o n s h i p  fo r  C16H34 (XB=l.0), CllH10 (XB=0) 
and t h e i r  mixture  (XB=0.522) i s  p resen ted  in  Fig. 5. Both theory  and t e s t  
da ta  e x h i b i t  the  slowing down of  the v a p o r i z a t i o n  r a t e  of  b i n a r y - l i q u i d  drops.  
The b o i l i n g  po in t  of  pure l i q u i d s  was empi r i ca l ,  while t h a t  of  the  b inary  
l i q u i d  mixtures  was es t imated  based on m a s s - f r a c t i o n  average.  Theore t i ca l  
p r e d i c t i o n  agrees  wi th  t e s t  da ta  q u a n t i t a t i v e l y  in case of  pure l i qu id s  and 
only q u a l i t a t i v e l y  in case of  b ina ry  mixtures .  In the  l a t t e r  case ,  d e v i a t i o n  
of  theory  from experiments i s ,  to a c e r t a i n  e x t e n t ,  caused by the e r ro r s  in  
AT r e s u l t i n g  from u n c e r t a i n t y  in the  va lue  of  T b employed. 
T! 
V a r i a t i o n  of  the  n u c l e a t e , b o i l i n g  hea t  f l u x  qb of  equat ion  (4) wi th  
composit ion x B i s  p l o t t e d  in Fig. 4 toge the r  with the  drop evapora t ion  con- 
t !  
s t a n t  C 2 of  equat ion  (8). The qb - xB r e l a t i o n s h i p  may a l s o  be obta ined by 
the Stephan-Korner method [11] u t i l i z i n g  da ta  fo r  pure components. Both CsH18- 
C16H34 and C16H34-CllH10 mixtures  e x h i b i t  the occurrence of  a minimum value  
in  both the drop evapora t ion  cons tan t  and the  n u c l e a t e - b o i l i n g  hea t  f l u x .  
The slowing down of  the  drop evapora t ion  r a t e  i s  simply due to the r educ t ion  
in  the hea t  t r a n s f e r  r a t e  r e s u l t i n g  from the presence of  a second component. 
I !  
Although the minimum va lues  of  C 2 and qb f a i l  to  co inc ide  a t  the  same composi- 
t i o n ,  both take p lace  a t  a composit ion of  x B l e s s  than 0.5.  
Conclusions 
Both t h e o r e t i c a l  and exper imental  evidence have i n d i c a t e d  t h a t  in  the  
n u c l e a t e - b o i l i n g  type v a p o r i z a t i o n  regime , even small amounts o f  a second 
component r e s u l t  in  cons ide rab le  r educ t ions  in  the drop v a p o r i z a t i o n  r a t e  
from t h a t  measured f o r  the  pure l i q u i d  drop. The cause of  t h i s  r educ t ion  i s  
s imply due to  the i n f l u e n c e  of  the  second component on the  hea t  t r a n s f e r  
r a t e  from the hea t ing  su r f ace  to  the  drop. Like in nuc l ea t e  pool b o i l i n g ,  
the hea t  t r a n s f e r  r a t e  reduces s u b s t a n t i a l l y  wi th  the  presence of  a second 
component in a l i q u i d  drop. 
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